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The goal of this work is to determine the proton affinities of (deoxy)nucleoside 59- and
39-monophosphates (mononucleotides) using the kinetic method with fast atom bombardment
mass spectrometry. The proton affinities of the (deoxy)nucleoside 59- and 39-monophosphates
yielded the following trend: (deoxy)adenosine monophosphates . (deoxy)guanosine mono-
phosphates . (deoxy)cytidine monophosphates .. deoxythymidine/uridine monophos-
phates. In all cases the proton affinity decreases or remains the same with the addition of the
phosphate group from those values reported for nucleosides. The proton affinity is dependent
on the location of the phosphate backbone (59- vs. 39-phosphates): the 39-monophosphates have
lower proton affinities than the 59-monophosphates except for the thymidine/uridine mono-
phosphates where the trend is reversed. Molecular modeling was utilized to determine if
multiple protonation sites and intramolecular hydrogen bond formation would influence the
proton affinity measurements. Semiempirical calculations of the proton affinities at various
locations on each mononucleotide were performed and compared to the experimental results.
The possible influence of intramolecular hydrogen bonding between the nucleobases and the
phosphate group on the measured and calculated proton affinities is discussed. (J Am Soc
Mass Spectrom 2000, 11, 24–32) © 2000 American Society for Mass Spectrometry
The mass spectrometric characterization of oligo-nucleotides and nucleic acids has benefited enor-mously from the introduction of soft ionization
techniques such as fast atom bombardment (FAB),
matrix-assisted laser desorption/ionization (MALDI),
and electrospray ionization. Information which can be
obtained using these methods includes oligonucleotide
molecular weight, the primary sequence of the biopoly-
mer, and secondary or tertiary structural features [1, 2].
Concurrent with the growth in analytical information,
one can obtain from oligonucleotides a clearer under-
standing of the gas-phase behavior and properties of
such compounds.
For example, the proton affinity (defined in eq 1) has
an important influence on oligonucleotide ionization
[2–8] and dissociation [1, 9–20] in the gas phase.
Although the proton affinities of nucleobases and
nucleosides have been determined previously using a
variety of methods [21–24], there are no reports which
have determined the proton affinities of the mononucle-
otides. Mononucleotides are the building blocks for
oligonucleotides and consist of a nucleobase (adenine,
guanine, cytosine, uracil, or thymine), a furanose sugar,
and a phosphate group as shown in Figure 1. Determi-
nation of the proton affinities of mononucleotides,
which are models more closely related to oligonucleo-
tides than are nucleobases or nucleosides alone, will
further our understanding of the gas-phase behavior of
these types of analytes.
The condensed-phase chemistry of nucleic acids is
well established. The pKa’s of nucleobases, nucleosides,
and nucleotides, combined with knowledge of sites of
protonation, have improved our understanding of
chemical reactions fundamental to biological systems.
Intermolecular base pairing and base–metal interactions
depend on pKa values, charge densities, and tautomeric
states of nucleotides [25]. However, information regard-
ing the role of the phosphate group on the gas-phase
properties of mononucleotides is not available. The aim
of this work is to determine the proton affinities of the
16 mononucleotides using the kinetic method to estab-
lish the resulting influence the phosphate group has on
the gas-phase properties of these analytes.
The Kinetic Method
The proton affinity of a molecule M is defined as the
negative value of the enthalpy of eq 1:
M 1 H13MH1, 2 DH° 5 PA(M) (1)
The kinetic method was developed by Cooks et al. [26,
27] and involves the use of competitive fragmentation
of a proton-bound cluster ion or dimer to infer relative
thermochemical properties. Specifically, this technique
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involves the formation of a proton-bound dimer
[AHBi]
1 where A represents the analyte of interest and
Bi represents a reference compound of known proton
affinity. The proton-bound dimer is mass selected and
allowed to undergo metastable decay or collision-in-
duced dissociation (CID) as depicted in eq 2:
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Ideally, after dissociation of the proton-bound dimer,
the compound having the greater proton affinity pref-
erentially holds the proton.
The relative proton affinity of a compound can be
determined using the kinetic method by measuring the
relative abundances of AH1 and BiH
1 in eq 2. Under
the assumption that no reverse activation energy barri-
ers exist, the proton affinity is related to the relative
abundances of these ions as shown in eq 3 [27]:
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where k and ki are rate constants for the competing
reactions in eq 2, Q* and Q*i are the partition functions
for the activated complex, DPA is the difference in
proton affinities of A and Bi, R is the ideal gas constant,
and Teff is the effective temperature of the decomposing
proton-bound dimer in degrees Kelvin. If it is assumed
that the partition functions for the activated complexes
are equal to each other so that
ln
Q*
Q*i
< 0 (4)
then eq 3 reduces to
ln
k
ki
5
DPA
RTeff (5)
which can be expanded to
ln
k
ki
5
1
RTeff
(PA 2 PAi) (6)
The rate constant ratio k/ki is assumed equal to the ratio
of the relative product ion abundances [AH1]/[BiH
1]
in eq 2. A plot, based on eq 6, of ln([AH1]/[BiH
1])
versus the proton affinity of several reference com-
pounds (PAi) yields Teff from the slope and the proton
affinity of the analyte (PA) from the intercept of the
regression line.
The kinetic method relies on assumptions that, in
some cases, makes the kinetic method a poor choice for
Figure 1. Structures of the mononucleotides investigated in this study. A legend describing the
nomenclature used in the paper is included.
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obtaining reliable thermochemical information. To ob-
tain meaningful results with the kinetic method, the
frequency factors (entropy) for the dissociation of the
proton-bound dimer into the two ions shown in eq 2
must be similar. Minimizing the entropy difference for
the dissociation usually involves choosing references
that are similar chemically, in structure and mass, to the
species of interest. The choice of reference bases fulfill-
ing the necessary entropy requirements with mono-
nucleotides is limited. In such a case, the assumption
leading to eq 4 may not be true. However, by choosing
reference bases which are similar among themselves, eq
6 should still yield a straight line because ln(Q*/Q*i)
will be constant for the various reference bases, Bi [28].
In this situation for the mononucleotides under inves-
tigation here, the relative values obtained for the vari-
ous mononucleotides from eq 6 will allow for a com-
parison of the effects of the phosphate group on the
proton affinities of these analytes.
The goals of this work are to determine how the
phosphate group affects the proton affinity of mono-
nucleotides relative to nucleosides, and to determine if
the position of the phosphate group (59-mononucleo-
tides vs. 39-mononucleotides) affects the relative proton
affinity values. In this work, we have used the kinetic
method to determine the relative proton affinities of the
16 mononucleotides. In all cases, a minimum of three
structurally similar reference compounds were utilized.
In addition, molecular modeling was performed to
investigate the influence of mononucleotide gas-phase
structure on the reported results, and semiempirical
calculations of the proton affinities at various locations
on each mononucleotide were performed and are com-
pared to the experimentally determined values.
Experimental
Chemicals and Reagents
The mononucleotides, triethylamine (TEA), tripro-
pylamine (TPA), pyrrolidine (Pyr), piperidine (Pip),
2,2,6,6-tetramethylpiperidine (TMP), quinuclidine
(Quin), imidazole (Imid), 1,2-dimethylimidazole (DMI)
and tributylamine (TBA) were purchased from Sigma
(St. Louis, MO) and used without further purification.
Saturated aqueous solutions of the mononucleotides
were mixed with neat solutions of the appropriate
reference amines in a 1:1 ratio.
Mass Spectrometry
Mass spectra were obtained on a Finnigan MAT 900
double focusing sector mass spectrometer (Bremen,
Germany). The FAB source was a 15 keV Cs1 ion beam
at a neutral current of 15 mA. Glycerol or thioglycerol
was used as the matrix for all mononucleotides depend-
ing upon which gave a better proton-bound dimer peak
and which minimized decomposition of the mononu-
cleotide as monitored during the magnetic field scan.
Product ions were generated from proton-bound
dimers under metastable conditions.
Kinetic Method Experiments
Piperidine, pyrrolidine, and imidazole were used as the
reference bases for deoxythymidine 59-monophosphate,
deoxythymidine 39-monophosphate, uridine 59-mono-
phosphate, and uridine 39-monophosphate (dpT, dTp,
pU, and Up, respectively). Quinuclidine, 2,2,6,6-tetra-
methylpiperidine, tripropylamine, tributylamine, 1,2-
dimethylimidazole, and triethylamine were used in
various combinations as the reference bases for all other
mononucleotides investigated. Each mononucleotide
was analyzed with a minimum of three reference bases.
The relative abundance of the protonated reference base
to the protonated mononucleotide after metastable de-
cay of the proton-bound dimer was determined from
the average of 10 product ion scans and was measured
three separate times to ensure reproducibility.
Molecular Modeling
Conformational analysis and semiempirical calcula-
tions were performed with Hyperchem 5.0 with the
ChemPlus package (Hypercube, Gainesville, FL). Con-
formational analysis of the neutral mononucleotide was
conducted by the Usage Directed Method available in
the ChemPlus package. The lowest energy conforma-
tions were then optimized at the AM1 restricted Har-
tree–Fock level of theory. From the same lowest energy
conformations, a proton was systematically added to
each possible site of protonation and the conformations
were optimized again at the AM1 restricted Hartree–
Fock level of theory. The heats of formation obtained
from the optimizations of the neutral, the protonated
species, and H1 (367.2 kcal/mol) [29] were used to
calculate the proton affinity at each site. The lowest
calculated heat of formation from all the different sites
of protonation was determined to be the most probable
site of protonation.
Results and Discussion
Analysis of Proton-Bound Dimers
The reference amines used in this study, along with
their gas-phase proton affinities, are listed in Table 1.
The reference amines were initially chosen because
their tabulated proton affinities were close to the proton
affinities of the ribonucleosides. Piperidine, pyrrolidine,
and imidazole were used to form stable proton-bound
dimers with deoxythymidine 59-monophosphate, de-
oxythymidine 39-monophosphate, uridine 59-mono-
phosphate, and uridine 39-monophosphate. Quinuclid-
ine, 2,2,6,6-tetramethylpiperidine, tripropylamine,
triethylamine, tributylamine, and 1,2-dimethylimid-
azole were used to form stable proton-bound dimers
with the remaining mononucleotides.
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Figure 2 contains a representative mass spectrum of
deoxycytidine-59-monophosphate mixed with 2,2,6,6-
tetramethylpiperidine (Figure 2a) and the product ion
mass spectrum of the metastable decomposition of the
proton-bound dimer of deoxycytidine-59-monophos-
phate and 2,2,6,6-tetramethylpiperidine (Figure 2b).
Similar to the data in Figure 2b, only those proton-
bound dimers which yielded both a protonated mono-
nucleotide and a protonated reference base ion at de-
tectable ion abundances were used for further
calculations for all of the mononucleotide/reference
base pairs studied. Figure 3 contains representative
linear regression plots of ln([AH1]/[BiH
1]) versus the
proton affinity of the reference bases under metastable
decay experimental conditions. Figures 3a, b are the
linear regression plots for deoxyadenosine 59-mono-
phosphate and deoxythymidine 39-monophosphate, re-
spectively. Each of these plots shows a good linear
correlation (correlation constant .0.99) and low stan-
dard deviations for the individual experimental mea-
surements as depicted by the y-axis error bars. In
general, all other mononucleotides investigated yielded
similar linear regression plots with values for the cor-
relation constants exceeding 0.90. However, five mono-
nucleotides yielded poorer fits to a linear function. Two
of these, deoxyadenosine 39-monophosphate and deoxy-
guanosine 39-monophosphate, are shown in Figures 3c,
d, respectively. The other three mononucleotides which
did not show a strong linear correlation were uridine
59-monophosphate (correlation constant 5 0.81), cyti-
dine 59-monophosphate (correlation constant 5 0.83),
and adenosine 39-monophosphate (correlation con-
stant 5 0.86). As discussed below, multiple sites of
protonation or intramolecular hydrogen bonding may
be the cause of the poor behavior exhibited by these
particular mononucleotides.
Thermochemical Data from the Dissociation of
Proton-Bound Dimers
Table 2 summarizes the data obtained from the analysis
of the dissociation of proton-bound dimers of the
mononucleotides and reference bases under metastable
decay experimental conditions. The relative proton af-
finities and their associated errors at the 95% confidence
interval are shown along with the determination of Teff
from the slopes of each of the linear regression fits. With
the exception of the deoxythymidine and uridine mono-
phosphates, the following trends are seen in the data:
1. The relative proton affinities of the deoxynucleoside
monophosphates are higher than the relative proton
affinities of the corresponding nucleoside mono-
phosphates.
2. The relative proton affinities of the (deoxy)nucleo-
side 59-monophosphates are higher than the relative
proton affinities of the corresponding (deoxy)nucleo-
side 39-monophosphates.
3. The relative proton affinities follow the trend (de-
oxy)adenosine monophosphates . (deoxy)guano-
sine monophosphates . (deoxy)cytidine monophos-
phates.
The relative proton affinities of the thymidine and
uridine monophosphates are significantly lower than
the relative proton affinities of the other (deoxy)nucleo-
side monophosphates; a trend which is also seen in the
Table 1. Proton affinities of the amines used as the references
for the experimental determination of the proton affinities of
mononucleotides using the kinetic method
Reference base
Proton affinity,a
kcal/mol
Imidazole 225.2
Pyrrolidine 226.8
Piperidine 228.0
Triethylamine 234.7
Quinuclidine 235.3
1,2-Dimethylimidazole 235.3
2,2,6,6-Tetramethylpiperidine 235.7
Tripropylamine 237.1
Tributylamine 238.6
aProton affinity values are from [30].
Figure 2. Representative mass spectra for mononucleotides char-
acterized using the kinetic method in this study. (a) Mass spec-
trum of dpC and 2,2,6,6-tetramethylpiperidine in glycerol. (b)
Metastable decomposition mass spectrum of the dissociation of
the proton-bound dimer at m/z 450.
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proton affinities of the (deoxy)nucleosides [23, 24].
However, unlike the other mononucleotides, the 39-
monophosphates for deoxythymidine and uridine have
a higher relative proton affinity than the corresponding
59-monophosphates.
Sindona and co-workers found that the addition of
the 29-hydroxyl group to the ribonucleosides yielded a
lower proton affinity than for the corresponding de-
oxynucleoside [24]. They rationalized this difference in
proton affinity as being due to the electron-withdraw-
Figure 3. Plots of ln([AH1]/[BiH
1]) vs. PA of the reference base for (a) dpA, (b) dTp, (c) dAp, and
(d) dGp.
Table 2. Relative proton affinities of the mononucleotides and Teff of metastable decay from proton-bound dimers of the
mononucleotide and reference bases. Proton affinities are in kcal/mol and effective temperatures are in Ka
Analyte PA Teff Analyte PA Teff
dA 237.2b A 236.9b
dpA 237.4 6 0.3 294 pA 237.6 6 0.5 556
dAp 236.4 6 1.9 643 Ap 235.2 6 0.7 347
dG 238.2b G 237.7b
dpG 237.0 6 0.9 375 pG 236.2 6 0.5 290
dGp 235.5 6 0.8 248 Gp 235.3 6 0.3 458
dC 236.4b C 234.8b
dpC 236.8 6 0.5 709 pC 234.7 6 0.9 344
dCp 234.8 6 0.5 364 Cp 234.4 6 0.4 316
dT 226.8b U 226.5b
dpT 224.1 6 1.5 591 pU 224.5 6 2.9 542
dTp 225.6 6 0.1 524 Up 226.2 6 1.5 325
aThe experimental errors were calculated from the linear regression fits at the 95% confidence interval. The actual uncertainties are also affected by
the uncertainties in the reference bases utilized, which are on the order of 6,2 kcal/mol. The values obtained here do not include possible effects
due to entropy considerations.
bValues from [30]. The experimental errors are estimated to be on the order of 6,2 kcal/mol.
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ing properties of the hydroxyl group. The addition of
this electron-withdrawing group destabilizes the pro-
tonation of the nucleobase and is manifested as a
decrease in the measured proton affinity of the ribo-
nucleosides. In this work, we were interested in deter-
mining whether addition of the electron-withdrawing
phosphate group would have a similar effect on the
proton affinities of the mononucleotides relative to the
nucleosides. However, in this case, the phosphate
group cannot directly affect the stability of the glyco-
sidic bond, as in the case of the 29-OH group, as the
phosphate group is located at either the 59- or 39-carbon
of the sugar.
A comparison of the (deoxy)nucleoside proton affin-
ities, determined previously with the mononucleotide
proton affinities determined in this work, finds no
definitive trend with the addition of the phosphate
group. However, it is worth noting that, in general, the
proton affinities of the (deoxy)nucleoside 59-monophos-
phates are similar to the corresponding proton affinities
of the (deoxy)nucleosides and the proton affinities of
the (deoxy)nucleoside 39-monophosphates are consis-
tently lower than the proton affinities of the corre-
sponding (deoxy)nucleosides. As discussed below,
phosphate–nucleobase interactions occurring after pro-
tonation may be influencing the data reported here.
Semiempirical Calculations
The proton affinity of several possible sites of protona-
tion were calculated at the AM1 level of theory and
those results are shown in Table 3. These values are
calculated at a temperature (T 5 298 K), which is lower
than Teff found during dissociation of the proton-bound
Table 3. Proton affinities of the 16 mononucleotides calculated at the AM1 semiempirical level of theory. The most favorable site of
protonation is shown in bold for each mononucleotide. The pyrimidine mononucleotides yielded one well-defined site of protonation.
The purine mononucleotides each had more than one site of protonation possible
dpA (kcal/mol) dAp (kcal/mol) pA (kcal/mol) Ap (kcal/mol)
N1 224.4 222.7 231.4 220.5
N3 230.9 232.0 238.5 230.2
N6 206.9 207.2 212.1 203.7
N7 221.0 217.8 220.9 220.1
POH 161.7 179.2 183.2 182.1
P¢O 220.8 205.6 221.2 220.5
39OH 190.34 N/A 175.6 N/A
59OH N/A 189.0 N/A 177.4
29OH N/A N/A 177.3 179.9
dpG (kcal/mol) dGp (kcal/mol) pG (kcal/mol) Gp (kcal/mol)
N1 203.7 191.1 201.4 186.4
N2 212.9 205.5 211.3 195.2
N3 234.3 224.2 234.8 224.9
N7 233.4 228.5 231.5 224.0
POH 179.6 183.5 190.3 181.1
P¢O 223.1 216.9 220.9 213.1
39OH 176.6 N/A 179.8 N/A
59OH N/A 222.9 N/A 181.3
29OH N/A N/A 171.5 177.1
dpC (kcal/mol) dCp (kcal/mol) pC (kcal/mol) Cp (kcal/mol)
N3 234.4 228.6 230.2 224.9
N4 203.7 198.5 200.1 194.9
O2 231.9 224.7 219.5 221.2
POH 178.9 185.2 179.6 182.4
P¢O 227.2 219.9 217.0 219.4
39OH 174.3 N/A 187.1 N/A
59OH N/A 181.9 N/A 174.1
29OH N/A N/A 188.9 188.8
dpT (kcal/mol) dTp (kcal/mol) pU (kcal/mol) Up (kcal/mol)
N3 189.5 190.9 189.1 182.0
P¢O 217.9 217.6 212.9 213.8
O4 210.0 212.2 209.2 204.5
POH 180.2 182.1 175.6 183.4
39OH 191.8 N/A 182.1 193.4
59OH N/A 183.1 N/A N/A
29OH N/A N/A 182.1 175.8
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dimers and are calculated at the semiempirical level of
theory; therefore the values obtained from these calcu-
lations are regarded as approximations and are only
presented for general comparison to experimental val-
ues. The most probable sites of protonation in the
condensed phase are O4 of thymine, N3 of cytidine, N1,
of adenosine and N7 of guanosine [23]. The most
probable sites of protonation in the gas phase obtained
from the semiempirical calculations are the nonbridg-
ing oxygen of the phosphate group for thymidine and
uridine monophosphate, N3 or O2 of cytidine mono-
phosphate, N3 of adenosine monophosphate, and either
N3 or N7 of guanosine monophosphate. Except for
deoxyadenosine 59-monophosphate, the 59-monophos-
phates had proton affinities which were calculated to be
higher than the proton affinities of the 39-monophos-
phates.
Interestingly, the most favorable site of protonation
for the thymidine and uridine monophosphates was
calculated to be the nonbridging oxygen of the phos-
phate group. O4, the site of protonation in condensed
phase, is the next most probable site being only 3–9
kcal/mol less favorable than the nonbridging oxygen.
As mentioned above, experimentally it was found that
deoxythymidine 59-monophosphate and uridine 39-
monophosphate had higher proton affinities than the
corresponding nucleosides. As seen in Table 3, for these
two mononucleotides, the calculated proton affinity is
substantially higher when protonation occurs at the
nonbridging oxygen, whereas for the other two mono-
nucleotides a less dramatic difference in calculated
proton affinities (nonbridging oxygen vs. O4) is found.
These results, along with the experimental data, may
suggest that, for deoxythymidine 59-monophosphate
and uridine 39-monophosphate, the most likely site of
protonation is at the phosphate group.
The guanosine monophosphates also yielded inter-
esting results during these calculations. First, the
guanosine monophosphates were the only set which
did not have the same site of protonation for all four
mononucleotides: N3 was found to be the most proba-
ble site in three instances, while N7 was the most
probable site for deoxyguanosine 39-monophosphate.
Moreover, except for guanosine 39-monophosphate, the
difference in proton affinity between the two most
probable sites of protonation was the smallest among
the different mononucleotides. With deoxyguanosine
59-monophosphate, the difference in calculated proton
affinity between protonation at N3 and N7 was less
than 1 kcal/mol. Therefore, it may be likely that for the
deoxyguanosine monophosphates, N7 may actually be
the preferred site of protonation in the gas phase as in
the condensed phase. Such results may explain the
improved behavior that is found using the 7-deaza-
guanosine derivatives in MALDI mass spectrometry [4,
5], where base protonation is thought to lead to base
elimination and strand scission limiting the subsequent
molecular ion abundance. With the ribonucleotides, a
noticeable difference in the calculated proton affinities
is seen for guanosine 59-monophosphate (234.8 kcal/
mol at N3 vs. 231.5 kcal/mol at N7), but, as with the
deoxyguanosine monophosphates, essentially no differ-
ence is found for the calculated proton affinities for
guanosine 39-monophosphate (224.9 kcal/mol at N3 vs.
224.0 kcal/mol at N7).
The cytidine and adenosine monophosphates did not
yield any anomalous results when investigating the
most probable sites of protonation. The most probable
site of protonation for cytidine monophosphates in the
gas phase occurs at the N3 position, as in the condensed
phase. The next most favorable site of protonation, O2,
had a calculated proton affinity that was 3–11 kcal/mol
lower than for protonation at N3. The most probable
site of protonation for adenosine monophosphates in
the gas phase occurs at the N3 position. However, the
heat of formation for protonation at N1, the site of
protonation in the condensed phase, is only 6–10 kcal/
mol less than for protonation at N3.
Molecular Modeling
Once the most probable sites of protonation were cal-
culated, molecular modeling of the resulting mono-
nucleotides was performed to investigate whether in-
tramolecular hydrogen bonding might interfere with
the subsequent proton affinity measurements. It was
found that the purine monophosphates could undergo
intramolecular hydrogen bonding, whereas the pyrim-
idine monophosphates did not. Figure 4 shows the
lowest energy conformation of adenosine 59-monophos-
phate (Figure 4a) and deoxyadenosine 39-monophos-
phate (Figure 4b) protonated at the N3 position. Upon
Figure 4. Molecular modeling conformational analysis of (a)
dAp and (b) pA depicting the hydrogen bonding between N3 and
the 59-oxygen that occurs with protonation at N3 of the nucleo-
base.
30 GREEN-CHURCH AND LIMBACH J Am Soc Mass Spectrom 2000, 11, 24–32
protonation at the N3 position of adenosine, the mono-
nucleotide adopts a syn conformation which allows for
intramolecular hydrogen bonding with the 59-oxygen. If
molecular modeling is correct in this conformation
determination, adenosine monophosphates might be
problematic during kinetic method experiments be-
cause, whereas N3 is predicted to be the most favored
site of protonation, it is involved in intramolecular
hydrogen bonding. A comparison of the calculated
heats of formation for adenosine 59-monophosphate in
the syn (H bonding) and anti (no H bonding) confor-
mations finds that the syn conformation is 4–5 kcal/
mol more favorable than the anti conformation.
Guanosine monophosphates showed similar behav-
ior as the adenosine monophosphates during the mo-
lecular modeling conformational analysis. Protonation
of the guanosine monophosphates at either the N3 or
N7 position yielded almost identical calculated heats of
formation, differing by only 4 kcal/mol, at most, for
each guanosine monophosphate. If the molecular mod-
eling calculations are representative of the actual gas-
phase conformation of these mononucleotides, these
results suggest that there are two possible sites of
protonation for guanosine mononucleotides. As with
adenosine monophosphate, protonation at the N3 posi-
tion resulted in the mononucleotide adopting a syn
conformation. In the syn conformation, with protona-
tion at the N3 position, two intramolecular hydrogen
bonds are formed with the 59-guanosine monophos-
phates.
Figure 5a, deoxyguanosine 59-monophosphate,
shows one intramolecular hydrogen bond is formed
between the amino group at C2 and the hydroxyl group
on the phosphate, and another intramolecular hydro-
gen bond is formed between the protonated N3 and the
59-hydroxyl group. Figure 5b, deoxyguanosine 39-
monophosphate, shows only one intramolecular hydro-
gen bond is formed between the amino group at C2 and
the hydroxyl group on the phosphate when protonation
occurs at N7. Although a consistent proton affinity can
be determined for the guanosine monophosphates, the
higher standard deviation for these measurements may
be reflected in the ability of these mononucleotides to
undergo intramolecular hydrogen bonding.
Conclusions
The proton affinities of the (deoxy)nucleoside 59- and
39-monophosphates were determined via the kinetic
method and were calculated at the AM1 semiempirical
level of theory. Linear regression plots of ln([AH1]/
[BiH
1]) versus the proton affinity of the reference bases
under metastable decay have good correlation con-
stants (.0.9) for all of the mononucleotides investigated
except deoxyadenosine 39-monophosphate, deox-
yguanosine 39-monophosphate, uridine 59-monophos-
phate, cytidine 59-monophosphate, and adenosine 39-
monophosphate. Deoxynucleoside monophosphates
have a higher proton affinity than the corresponding
nucleoside monophosphates and the proton affinities of
59-(deoxy)nucleoside monophosphates are greater than
the corresponding 39-(deoxy)nucleoside monophos-
phates. The overall trend of the proton affinities is
(deoxy)adenosine monophosphates . (deoxy)guano-
sine monophosphates . (deoxy)cytidine monophos-
phates .. thymidine/uridine monophosphates.
Molecular modeling suggests that the most likely
sites of protonation are the nonbridging oxygen of the
phosphate group for thymidine/uridine monophos-
phates, N3 of (deoxy)adenosine monophosphates, ei-
ther N3 or N7 of (deoxy)guanosine monophosphates,
and N3 of (deoxy)cytidine monophosphates. Intramo-
lecular hydrogen bonding was observed with the pu-
rine monophosphates.
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